ABSTRACT T h i s paper p r e s e n t s numerical s o l u t i o n s o f j e t -i n d u c e d m i x i n g i n a p a rt i a l l y f u l l c r y o g e n i c t a n k . An a x i s y m m e t r i c l a m i n a r j e t i s d i s c h a r g e d from t h e c e n t r a l p a r t of t h e t a n k b o t t o m toward t h e l i q u i d -v a p o r i n t e r f a c e . L i q u i d i s withdrawn a t t h e same volume f l o w r a t e from t h e o u t e r p a r t of t h e t a n k . The j e t i s a t a t e m p e r a t u r e lower than t h e i n t e r f a c e , which i s m a i n t a i n e d a t a c e rt a i n s a t u r a t i o n temperature. The i n t e r f a c e i s assumed t o be f l a t and shearf r e e and t h e condensation-induced v e l o c i t y i s assumed t o be n e g l i g i b l y small compared w i t h r a d i a l i n t e r f a c e v e l o c i t y . F i n i t e -d i f f e r e n c e method i s used t o s o l v e t h e nondimensional form o f steady s t a t e c o n t i n u i t y , momentum, and energy e q u a t i o n s . C a l c u l a t i o n s a r e conducted f o r j e t Reynolds numbers r a n g i n g from 150 t o 600 and P r a n d t l numbers r a n g i n g from 0.85 t o 2 . 6 5 . The e f f e c t s o f above s t a t e d parameters on t h e condensation N u s s e l t and S t a n t o n numbers which c h a r a c t e r i z e t h e s t e a d y -s t a t e i n t e r f a c e condensation process a r e i n v e s t i g a t e d . D e t a i l e d a n a l y s i s t o g a i n a b e t t e r u n d e r s t a n d i n g o f t h e fundamentals of f l u i d m i x i n g and i n t e r f a c e condensation i s performed. 
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INTRODUCTION
The thermal environment i n space can r e s u l t i n r a d i a t i o n h e a t l e a k i n t o t h e cryogen s t o r a g e tanks and i n c r e a s e t h e t a n k p r e s s u r e . O f t h e v a r i o u s techn o l o g i e s ( r e f . 1 ) b e i n g developed f o r t a n k p r e s s u r e c o n t r o l , a x i a l j e t -i n d u c e d m i x i n g ( r e f . 2 ) i s c o n s i d e r e d as an e f f i c i e n t method for a s h o r t -t e r m s t o r a g e system. The m i x i n g o f t h e t a n k c o n t e n t s causes a f o r c e d c o n v e c t i o n and removes h e a t q u i c k l y from t h e i n t e r f a c e i n t o t h e b u l k l i q u i d . The induced i n t e r f a c e condensation t h e n r e s u l t s i n t h e r e d u c t i o n o f t a n k p r e s s u r e . I t i s o b v i o u s t h a t t h e vapor condensation on t h e subcooled l i q u i d a t t h e i n t e r f a c e p l a y s a key r o l e i n r e d u c i n g t h e t a n k p r e s s u r e . S e v e r a l s t u d i e s o f s t e a d y -s t a t e f l u i d m i x i n g and c o n d e n s a t i o n r a t e have been conducted. Thomas ( r e f . 3 ) measured t h e c o n d e n s a t i o n r a t e o f steam on water s u r f a c e s mixed by a submerged j e t . The l i q u i d h e i g h t t o t a n k d i a m e t e r r a t i o was v a r i e d from 0.32 t o 1 . 3 . I t was f o u n d t h a t t h e c o n d e n s a t i o n r a t e was r o u g h l y p r o p o r t i o n a l t o t h e j e t Reynolds number. Dominick ( r e f . 4 ) conducted experiments t o i n v e s t i g a t e t h e e f f e c t s o f j e t i n j e c t i o n a n g l e and j e t flow r a t e on t h e c o n d e n s a t i o n r a t e i n a Freon 113 t a n k . The r a t i o o f l i q u i d h e i g h t t o t a n k diameter was about one. The t e s t s showed t h a t h e a t t r a n s f e r a t t h e i n t e rf a c e was enhanced by t h e m i x i n g process as j e t i n j e c t i o n a n g l e became more n o rmal t o t h e i n t e r f a c e . The average h e a t t r a n s f e r c o e f f i c i e n t a t t h e i n t e r f a c e was f o u n d t o be i n c r e a s i n g w i t h j e t Reynolds number t o a power o f 0.73. Sonin, Shimko, and Chun ( r e f . 5) a l s o measured t h e s t e a d y -s t a t e condensation r a t e of steam i n a water t a n k w i t h l i q u i d h e i g h t t o t a n k diameter r a t i o g r e a t e r t h a n t h r e e . The condensation process was dominated by t h e l i q u i d -s i d e t u r b u l e n c e near t h e i n t e r f a c e . About 0.3 o f t a n k diameter below t h e i n t e r f a c e , t h e t u r b ul e n c e was found i s o t r o p i c and e s s e n t i a l l y u n a f f e c t e d by t h e p r o x i m i t y o f t h e s u r f a c e . A c o r r e l a t i o n between t h e condensation r a t e and c h a r a c t e r i s t i c i n t e rf a c e t u r b u l e n t v e l o c i t y was a l s o developed i n r e f e r e n c e 5 . Hasan and L i n ( r e f . 6 ) used a f i n i t e -d i f f e r e n c e method t o n u m e r i c a l l y s o l v e time-averaged c o n s e r v a t i o n equations a l o n g w i t h K-E t u r b u l e n c e model f o r t h e p r e d i c t i o n of t u r b u l e n t v e l o c i t y . Since t h e i n f o r m a t i o n about t h e t u r b u l e n c e a t t h e i n t e rf a c e was n o t a v a i l a b l e , z e r o g r a d i e n t s o f K and E w e r e assumed f o r t h e boundary c o n d i t i o n a p p l i e d a t t h e i n t e r f a c e . The numerical p r e d i c t i o n was i n good agreement with S o n i n ' s d a t a e x c e p t f o r t h e r e g i o n c l o s e t o t h e i n t e r f a c e where d i f f u s i o n process was dominant. The f a i l u r e o f numerical s o l u t i o n for t h e n e a r -i n t e r f a c e r e g i o n , as s t a t e d i n r e f e r e n c e 6, was p r o b a b l y due t o t h e i n a p p r o p r i a t e t u r b u l e n c e model or t h e i n a p p r o p r i a t e t u r b u l e n c e boundary c o n d it i o n s a p p l i e d a t t h e i n t e r f a c e .
For l a m i n a r flows, t h e f l u i d p r o p e r t i e s and boundary c o n d i t i o n s a r e w e l l d e f i n e d . T h i s m o t i v a t e s the p r e s e n t s t u d y t o i n v e s t i g a t e more fundamentals o f f l u i d m i x i n g and t h e a s s o c i a t e d i n t e r f a c e condensation process by a submerged l a m i n a r j e t . For a t y p i c a l c r y o g e n i c s t o r a g e t a n k , t h e maximum l i q u i d h e i g h t t o t a n k diameter r a t i o i s about one and t h e mean-flow v e l o c i t y i s g e n e r a l l y much l a r g e r than t h e t u r b u l e n c e a t t h e i n t e r f a c e . I t i s hoped t h a t t h e s t u d y o f l a m i n a r j e t -i n d u c e d m i x i n g can p r o v i d e some u s e f u l i n f o r m a t i o n f o r s t u d y i n g t h e t u r b u l e n t j e t -i n d u c e d m i x i n g i n a t y p i c a l c r y o g e n i c t a n k . I n space, t h e e f f e c t o f buoyancy f o r c e may be i n s i g n i f i c a n t due t o t h e l o w -g r a v i t y e n v i r o nment. T h e r e f o r e , t h e f l u i d m i x i n g i n low-g may be e q u i v a l e n t t o t h e m i x i n g o f c o n s t a n t -d e n s i t y l i q u i d i n normal g r a v i t y p r o v i d e d t h a t t h e e f f e c t o f f r e e surface c o n f i g u r a t i o n i s e x c l u d e d . The p r e s e n t s t u d y i s conducted f o r a normal-g environment w i t h t h e n e g l e c t i n g o f buoyancy f o r c e due t o c o n s t a n t d e n s i t y . Numerical s o l u t i o n s a r e o b t a i n e d by u s i n g a f i n i t e -d i f f e r e n c e method t o s o l v e nondimensional c o n t i n u i t y , momentum and energy e q u a t i o n s . C a l c u l at i o n s encompass a wide range o f t h e P r a n d t l numbers and j e t Reynolds numbers. D e t a i l e d analyses a r e performed and s i m p l i f i e d e q u a t i o n s a r e generated t o d e s c r i b e t h e e f f e c t s o f t h e above parameters on t h e c o n d e n s a t i o n N u s s e l t and S t a n t o n numbers which c h a r a c t e r i z e t h e s t e a d y -s t a t e condensation process a t t h e l i q u i d -v a p o r i n t e r f a c e .
THE PHYSICAL PROBLEM CONSIDERED
The p h y s i c a l system and t h e c o o r d i n a t e s used t o a n a l y z e t h e problem a r e shown i n f i g u r e 1 . A c i r c u l a r c y l i n d r i c a l t a n k o f d i a m e t e r D c o n t a i n s l i q u i d w i t h a f i l l i n g h e i g h t x s . An a x i s y m m e t r i c l a m i n a r j e t w i t h a v e l o c i t y U j i s d i s c h a r g e d from t h e c e n t r a l p a r t o f t h e t a n k b o t t o m toward t h e l i q u i d -v a p o r i n t e r f a c e . The l i q u i d w i t h same volume flow r a t e , Q , i s w i t h d r a w n from t h e o u t e r p a r t o f t h e t a n k b o t t o m such t h a t t h e l i q u i d f i l l l e v e l i s k e p t c o n s t a n t . The o u t f l o w area, A o u t , i s much l a r g e r t h a n i n f l o w j e t a r e a , A j , ( a b o u t 3 5 7 : l ) such t
h a t t h e o u t f l o w v e l o c i t y i s v e r y small compared w i t h t h e j e t v e l o c i t y . Both t h e c e n t r a l j e t and o u t f l o w v e l o c i t i e s a r e assumed u n i f o r m . The r a t i o o f
j e t d i a m e t e r , d, to t a n k d i a m e t e r , D, i s f i x e d a t 1:20. The r a t i o o f l i q u i d h
e i g h t t o t a n k d i a m e t e r , x s / D , i s s e t t o be one.
f r e e and a t a c o n s t a n t s a t u r a t i o n temperature, T s . i n s u l a t e d . The c e n t r a l j e t i s k e p t a t a c o n s t a n t temperature, , lower t h a n p r o p e r t i e s a r e assumed c o n s t a n t s i n c e o n l y small temperature v a r i a t i o n i s cons i d e r e d i n t h e whole flow f i e l d . The o u t f l o w r e g i o n i s assumed t o have z e r o t e m p e r a t u r e g r a d i e n t .
c o n d e n s a t i o n mass f l u x and h e a t t r a n s f e r The l i q u i d -v a p o r i n t e r f a c e i s assumed t o be f l a t (wave f r e e ) and shear A l l t h e s o l i d w a l l s a r e t h e i n t e r f a c e temperature. A l l t h e a s s o c i a t e d thermodynamics an ' 4 t r a n s p o r t
The energy balance a t t h e i n t e r f a c e y i e l d s t h e f o l l o w i n g r e l a t i o n between
where mc and mc a r e t h e average and l o c a l , r e s p e c t i v e l y , c o n d e n s a t i o n mass f l u x e s a t t h e i n t e r f a c e , hfg i s t h e l a t e n t h e a t o f condensation, and A s i s t h e i n t e r f a c e s u r f a c e a r e a . E x p e r i m e n t a l l y , t h e s t e a d y -s t a t e c o n d e n s a t i o n r a t e can be o b t a i n e d based on t h e measurement o f t h e t e m p e r a t u r e d i f f e r e n c e between o u t f l o w and i n f l o w j e t ( r e f . 5 ) . The r e l a t i o n o f energy b a l a n c e f o r t h e whole system y i e l d s
where Q i s t h e j e t volume flow r a t e , Jab C p ( T s -T o u t > / h f g , and Tout u n i f o r m o v e r t h e o u t f l o w a r e a . Equations ( 1 ) and ( 2 ) can be used as a checkup of t h e n u m e r i c a l s o l u t i o n s . For commonly used cryogens such as hydrogen and n i t r o g e n , Jab Jab by t h e o b t a i n e d s o l u t i o n l a t e r on.
i s t h e b u l k Jacob number d e f i n e d as i s t h e o u t f l o w t e m p e r a t u r e which i s e s s e n t i a l l y i s u s u a l l y much l e s s t h a n one. For c a l c u l a t i o n convenience, T h i s assumption w i l l be j u s t i f i e d i s assumed z e r o i n t h e p r e s e n t s t u d y .
A l o c a l condensation h e a t -t r a n s f e r c o e f f i c i e n t , h c , and a l o c a l condensat i o n S t a n t o n number, S t c , which d e s c r i b e t h e interfacial heat and mass transp o r t s can be d e f i n e d as h = mchfg
I t i s n o t e d t h a t , i n s t e a d o f t h e b u l k l i q u i d t e m p e r a t u r e and t h e i n t e r f a c e v e l o c i t y , t h e j e t t e m p e r a t u r e and t h e j e t v e l o c i t y , r e s p e c t i v e l y , a r e used i n e q u a t i o n s (3) and ( 4 ) . There a r e two reasons f o r these unusual d e f i n i t i o n s .
F i r s t , t h e j e t c o n d i t i o n s a r e g e n e r a l l y easy t o c o n t r o l and measure so t h a t t h e d e f i n i t i o n s i n e q u a t i o n s (3)
and ( 4 ) may be more u s e f u l . Second, t h e d i f f e rence between b u l k temperature and i n t e r f a c e temperature i s v e r y s m a l l i n t h e p r e s e n t s t u d y so t h a t ( T s -Tb> i s used i n e q u a t i o n (3).
hc w i l l be v e r y s e n s i t i v e t o t h e n u m e r i c a l e r r o r i f For convenience, t h e average v a l u e s o f hc and S t c a t t h e i n t e r f a c e a r e g e n e r a l l y used i n t h e a n a l y s i s and a r e expressed The boundary c o n d i t i o n s a r e a p p l i e d f o r t h e system sketched i n f i g u r e 1 . A t t h e c e n t e r l i n e , t h e symmetric c o n d i t i o n s a r e used: and i s assumed n e g l i g i b l e compared w i t h s u r f a c e v e l o c i t y . w i l l a l s o be j u s t i f i e d by t h e o b t a i n e d n u m e r i c a l s o l u t i o n s .
T h i s assumption
The n e g l e c t i n g o f
condensation-induced v e l o c i t y uc leads t o t h e u n c o u p l i n g between f l u i d dynami c s and thermal c a l c u l a t i o n s . Thus, t h e f r e e s u r f a c e boundary c o n d i t i o n s f o r v e l o c i t y a r e ,
The temperature of t h e i n t e r f a c e i s k e p t c o n s t a n t a t t h e v e l o c i t y and temperature a r e assumed t o be u n i f o r m :
T, .
For t h e j e t i n l e t , U = U j , The r e l e v a n t parameters i n t h e g o v e r n i n g e q u a t i o n s a r e t h e j e t Reynolds number ( R e j ) , t h e P r a n d t l number ( P r ) and t a n k t o j e t d i a m e t e r r a t i o (B):
-
The average condensation N u s s e l t number a t t h e i n t e r f a c e , Nu,, i s d e f i n e d by
From e q u a t i o n s (5) and ( 6 1 , t h e average condensation N u s s e l t number and S t a n t o n number can t h e n be expressed as 
A t t h e s o l i d w a l l s ( n o n s l i p and a d i a b a t i c c o n d i t i o n s )
A t t h e i n t e r f a c e A t t h e j e t i n l e t u* = 1 , v * = 0, T * = 0 A t l i q u i d -w i t h d r a w n p l a n e
The e f f e c t s o f j e t Reynolds number ( R e j ) on t h e dynamics o f f l u i d m i x i n g i n t h e t a n k and t h e s t e a d y -s t a t e c o n d e n s a t i o n r a t e a t t h e l i q u i d -v a p o r i n t e rf a c e a r e i n v e s t i g a t e d . C a l c u l a t i o n s w i l l be performed w i t h t h e j e t Reynolds number r a n g i n g from 150 t o 600 i n which t h e flow i s expected t o be l a m i n a r a c c o r d i n g t o t h e experiments o f McNaughton and S i n c l a i r ( r e f . 7 ) . The P r a n d t l number ( P r ) w i l l be v a r i e d from 0 . 8 5 t o 2.65 t o r e p r e s e n t v a r i o u s cryogens such as hydrogen and n i t r o g e n so t h a t t h e performance o f f l u i d m i x i n g can be e v a l u a t e d .
NUMERICAL METHOD OF SOLUTIONS
The above d i m e n s i o n l e s s forms o f e l l i p t i c p a r t i a l d i f f e r e n t i a l e q u a t i o n s a r e n u m e r i c a l l y s o l v e d by a f i n i t e -d i f f e r e n c e method. e q u a t i o n s a r e d e r i v e d by i n t e g r a t i n g t h e d i f f e r e n t i a l e q u a t i o n s o v e r an element a r y c o n t r o l volume s u r r o u n d i n g a g r i d node a p p r o p r i a t e f o r each dependent v a r i a b l e ( r e f . 8 ) . A staggered g r i d s y s t e m i s used such t h a t t h e s c a l a r prope r t i e s , p and T , a r e s t o r e d midway between t h e u and v v e l o c i t y g r i d nodes. The bounded skew h y b r i d d i f f e r e n c i n g (BSHD) i s i n c o r p o r a t e d f o r t h e c o n v e c t i v e terms ( r e f . 8 ) and t h e i n t e g r a t e d source t e r m s a r e l i n e a r i z e d .
Pressures a r e o b t a i n e d from a p r e d i c t o r -c o r r e c t o r procedure of t h e P r e s s u r e I m p l i c i t S p l i t O p e r a t o r ( P I S O ) method ( r e f . 9 ) which y i e l d s t h e p r e s s u r e change needed t o p r o c u r e v e l o c i t y changes t o s a t i s f y mass c o n t i n u i t y . The g o v e r n i n g f i n i t e -d i f f e r e n c e e q u a t i o n s a r e s o l v e d i t e r a t i v e l y by t h e AD1 method w i t h under r e l a x a t i o n u n t i l t h e s o l u t i o n s a r e converged. The f i n i t e -d i f f e r e n c e C a l c u l a t i o n s a r e performed w i t h a n o n u n i f o r m g r i d d i s t r i b u t i o n w i t h conc e n t r a t i o n o f t h e g r i d nodes i n t h e c e n t e r l i n e , n e a r -w a l l , and n e a r -i n t e r f a c e r e g i o n s where t h e g r a d i e n t s o f flow p r o p e r t i e s a r e expected t o be l a r g e . The n o n u n i f o r m g r i d d i s t r i b u t i o n i n a x i a l d i r e c t i o n i s g e n e r a t e d by u s i n g an expon e n t i a l f u n c t i o n o f R o b e r t s ' t r a n s f o r m a t i o n ( r e f . 10) w i t h s t r e t c h i n g parameter equal t o 1.02. I n t h e r a d i a l d i r e c t i o n , t h e scheme ( r e f . 1 1 ) w i t h a c o n s t a n t r a t i o between two a d j a c e n t g r i d s p a c i n g i s used. T h i s r a t i o i s s e t t o be about 1.22 i n t h e p r e s e n t s t u d y . To check g r i d dependency, t h e cases w i t h 24 by 13, 36 by 20, 48 by 27, 60 by 34, and 72 by 41 nodes a r e r u n f o r j e t Reynolds number ( R e -) equal t o 600 and P r a n d t l number equal t o 1.25. F i g u r e s 2 and 3 show t h a t {here a r e o n l y minor changes i n ( a u * / a r * > d i s t r i b u t i o n a l o n g t h e w a l l and ( a T * / a x * ) d i s t r i b u t i o n a c r o s s t h e i n t e r f a c e between g r i d d i s t r i b u t i o n s 60 by 34 and 72 by 41. I t i s t h e n d e c i d e d t o use 72 by 41 g r i d nodes f o r a l l t h e c a l c u l a t i o n s i n t h e p r e s e n t s t u d y . C a l c u l a t i o n s a r e performed on a CRAY-XMP computer l o c a t e d a t NASA Lewis Research C e n t e r . The c o n v e r g e n t s o l u t i o n s a r e c o n s i d e r e d t o be reached when t h e a b s o l u t e v a l u e o f (eq. ( 2 ) -eq. ( 1 > > / (eq. ( 1 ) ) i s l e s s t h a n 0.003 and t h e maximum o f a b s o l u t e r e s i d u a l sums for each dependent v a r i a b l e s i s l e s s t h a n RESULTS AND A N A L Y S I S A p o t e n t i a l c o r e l e n g t h , xp, i s d e f i n e d as t h e d i s t a n c e between t h e j e t e x i t and t h e p o i n t where t h e j e t c e n t e r l i n e v e l o c i t y b e g i n s t o decrease. A s shown i n f i g u r e 4, t h e p o t e n t i a l core l e n g t h i s l i n e a r l y i n c r e a s i n g w i t h j e t Reynolds number and can be d e s c r i b e d by t h e f o l l o w i n g e q u a t i o n
where C1 i s 0.0067 f o r t h e tankage c o n s i d e r e d i n t h e p r e s e n t s t u d y . The conc l u s i o n of a l i n e a r r e l a t i o n between p o t e n t i a l c o r e l e n g t h and j e t Reynolds number i s i n agreement w i t h t h e a n a l y s i s o f f r e e j e t i n r e f e r e n c e 12. The c e n t e r l i n e v e l o c i t y , u* decays slowly a p p r o a c h i n g t h e l i q u i d -v a p o r i n t e r f a c e .
The v e l o c i t y drops t o z e r o a b r u p t l y a t t h e i n t e r f a c e w i t h g r e a t e r d e c r e a s i n g r a t e f o r a h i g h e r j e t Reynolds number. The upstream e f f e c t o f t h e e x i s t e n c e of t h e i n t e r f a c e i s l e s s f o r h i g h e r j e t Reynolds numbers. I t i s n o t e d t h a t b o t h t h e p o t e n t i a l c o r e l e n g t h and
t h e d e c a y i n g r a t e of c e n t e r l i n e v e l o c i t y a r e l e s s t h a n those i n r e f e r e n c e 12 because o f t h e d i f f e r e n c e between two p h y s i c a l f l o w c t ' systems considered resulting in different values of constant C1. A s the jet approaches the interface, an impingement region i s created right underneath the interface. This region plays the most important role in the bulk-mixing process since the flow in this region removes the heat from the interface into the bulk liquid and induces the vapor condensation. The radial distribution of the free surface velocity, v:, is shown in figure 5 . The vg increases from zero at the centerline to reach a peak shortly and then decreases approaching the side wall, For a higher jet Reynolds number, this peak velocity is larger and is located closer & I the centerline. As expected, the average dimensionless surface velocity v t is increasing with Rej and is approximately proportional to Re!/2:
where C2 is 0.0134 in the present study. Consequently radial velocity is approximately increasing with u3/2. j the average interface The existence of liquid-vapor interface and tank s de walls and the withdrawing of the liquid from the outer part of the tank bottom enhance the flow circulation in the tank. Figure 6 shows the velocity gradient distribution at the side wall owing to the liquid flowing toward the tank bottom. Because the backward axial velocity is very small the wall shear is negligible at most of the tank side walls except the region near the interface. The value of the maximum wall shear is higher and is located closer to the interface for jets with higher Reynolds number. The distance of the location o f maximum wall shear from the interface is observed to be approximately the same as the thickness of the impingement region. From figure 6, the radial boundary layer thickness appears to reach a value of about 0.025 D (i.e., about a value of 0.5 d > as the jet Reynolds number is increased. This finding is in agreement with that for a turbulent jet in reference 2.
For Prandtl number Pr = 1.25, the axial temperature distribution at the centerline, R = 0, as a function of jet Reynolds number is shown in figure 7 . The centerline temperature increases slowly approaching the interface with higher increasing rate for a smaller jet Reynolds number. Consequently, in the region near the interface, higher jet Reynolds numbers yield much higher temperature gradients to approach the interface temperature. The radial distribution o f temperature gradient at the interface is given in figure 8 . A s observed, a high jet Reynolds number flow induces more interface condensation. Most of the mass condensation occurs in the central part of the interface for the ratio of jet diameter to tank diameter equal to 0.05 considered in the present study. It is expected that if the jet nozzle to tank diameter ratio is small enough, the difference of interface configuration between low-g and normal-g will not have significant effect on the interface condensation. Therefore, as mentioned in the introduction section, the fluid mixing processes of low-g and normal-g can be equivalent if the buoyancy force is neglected. Calculations were also performed for Prandtl numbers varied from 0.85 to 2.65 with various jet Reynolds numbers. The effect of Prandtl number on the distributions of centerline temperature and interface temperature gradient was found to be similar to that of jet Reynolds number as shown in figures 7 and 8. Higher Prandtl number will yield larger condensation heat flux over the interface and thinner thickness of thermal layer underneath the interface. It is
of temperature g r a d i e n t a t t h e i n t e r f a c e i s s l i g h t l y s h i f t e d away from t h e c e n t e rl i n e due t o t h e e f f e c t o f s i g n i f i c a n t s u r f a c e m o t i o n . The r a d i a l d i s t r i b u t i o n of temperature a t x * = 0.97 i s shown i n f i g u r e 9. The h i g h e r j e t Reynolds number y i e l d s lower flow temperature i n t h e c e n t r a l j e t r e g i o n , a p p r o a c h i n g b u l k l i q u i d temperature w i t h h i g h e r i n c r e a s i n g r a t e a t t h e edge o f j e t r e g i o n , and r e s u l t s i n a t h i n n e r thermal l a y e r underneath t h e i n t e r f a c e .
The observed t h a t u t i s n e g l i g i b l y small compared w i t h s u r f a c e v e l o c i t y VI except for t h e v e r y s m a l l s t a g n a t i o n r e g i o n . The temperature d i f f e r e n c e between t h e b u l k l i q u i d and t h e i n t e r f a c e i s much s m a l l e r t h a n t h a t between t h e j e t and t h e i n t e r f a c e . m a t e l y equal t o 0.06 O R and t h e c o r r e s p o n d i n g b u l k Jacob number, Jab, i s equal t o 0.001. condensation-induced v e l o c i t y , u c , and b u l k Jacob number, Jab, i n t h e p r e s e n t s t u d y i s a c c e p t a b l e . u t From f i g u r e 5, i $ i s
For ( T s -T j ) equal t o 2 O R , ( T s -T o u t ) i s a p p r o x i -I t can t h e n be j u s t i f i e d t h a t t h e assumption o f n e g l e c t i n g of t h e
The c o r r e l a t i o n f o r t h e average condensation N u s s e l t number i s assumed t o be o f t h e form: t i o n a l t o j e t Reynolds number and n e a r l y a l i n e a r f u n c t i o n o f P r a n d t l number. I t i s n o t e d t h a t t h e c o n s t a n t n i s a c t u a l l y a weak f u n c t i o n of P r a n d t l number i t s e l f and i s d e c r e a s i n g from 1.0 f o r P r = 0.85 t o 0.95 f o r P r = 2.65. The v a l u e o f n i s expected t o s l i g h t l y decrease as t h e P r a n d t l number keeps i n c r e a s i n g . E q u a t i o n (10) a l s o i m p l i e s t h a t t h e c o n d e n s a t i o n mass f l u x i s l i ne a r l y i n c r e a s i n g w i t h j e t Reynolds number which i s i n agreement w i t h t h e d a t a f o r t u r b u l e n t j e t i n r e f e r e n c e 3 . From e q u a t i o n s (9) and ( l o ) , t h e c o r r e l a t i o n f o r average c o n d e n s a t i o n S t a n t o n number can be expressed as where C4 i s equal t o 0.00245. The average c o n d e n s a t i o n S t a n t o n number i s a weak f u n c t i o n o f P r a n d t l number o n l y and i s independent o f j e t Reynolds number. I n t h e p r e s e n t s t u d y , o n l y t h e j e t Reynolds number and t h e P r a n d t l number a r e i n v e s t i g a t e d and t h e o t h e r r e l e v a n t tankage system parameters such as B(= D i d ) , x s / D , and A o u t / A a r e s p e c i f i e d . T h e r e f o r e , i t i s expected t h a t t h e c o r r e l a t i o n c o n s t a n t s , !I, C2, C3 and C4, o b t a i n e d from t h e above a n a l y s i s From e q u a t i o n s ( 2 ) , ( 5 1 , and ( 6 > , t h e average condensation S t a n t o n number The p h y s i c a l phenomenon behind e q u a t i o n ( 1 3 ) i s t h a t t h e c o l d j e t s i m p l y e n t e r s , sweeps by t h e i n t e r f a c e , and r e c e i v e s as much h e a t as i t can absorb, r e a c h i n g m u r a t i o n temperature and e x i t i n g . E q u a t i o n ( 1 3 ) g i v e s an upper bound for S t c based on an energy b a l a n c e w i t h t h e o u t f l o w l i q u i d a t i t s maximum p o s s i - which i s i n e x c e l l e n t agreement w i t h t h e n u m e r i c a l c o r r e l a t i o n shown i n equat i o n ( 1 1 ) . I t can be concluded t h a t f o r l a m i n a r o p e r a t i n g c o n d i t i o n s w i t h a j e t Reynolds number up t o 600, t h e i n j e c t e d l i q u i d reaches e s s e n t i a l l y i n t e rf a c e s a t u r a t i o n temperature b e f o r e e x i t i n g ( a t l e a s t f o r a tankage system o f d/D = 1 / 2 0 ) , and t h e t o t a l condensation r a t e i s c o n t r o l l e d by t h e j e t volume flow r a t e r a t h e r t h a n by t h e c o n d e n s a t i o n h e a t -t r a n s f e r c o e f f i c i e n t a t t h e i n t e r f a c e .
I CONCLUSIONS
The nondimensional f o r m o f steady s t a t e c o n t i n u i t y , momentum, and energy e q u a t i o n s has been s o l v e d by a f i n i t e -d i f f e r e n c e method. Numerical s o l u t i o n s were o b t a i n e d f o r a l a m i n a r j e t -i n d u c e d f l u i d m i x i n g i n a c r y o g e n i c t a n k system shown i n f i g u r e 1 . The t e m p e r a t u r e v a r i a t i o n i n t h e whole flow f i e l d was small so t h a t t h e thermodynamics and t r a n s p o r t p r o p e r t i e s were assumed c o n s t a n t . The e f f e c t o f buoyancy f o r c e was n e g l e c t e d . The i n t e r f a c e was assumed t o be f l a t (wave f r e e ) and shear f r e e . The condensation-induced v e l o c i t y a t t h e i n t e r f a c e and t h e a s s o c i a t e d b u l k and j e t Jacob numbers w e r e assumed z e r o . w e r e performed f o r j e t Reynolds numbers r a n g i n g from 150 t o 600 and P r a n d t l numbers r a n g i n g from 0.85 t o 2.65. Based on t h e tankage system c o n s i d e r e d i n t h e p r e s e n t s t u d y , i t i s concluded t h a t : C a l c u l a t i o n s ( 1 ) The r a t i o o f average r a d i a l i n t e r f a c e v e l o c i t y t o j e t v e l o c i t y i s a p p r o x i m a t e l y p r o p o r t i o n a l t o i s a p p r o x i m a t e l y p r o p o r t i o n a l t o j u 3 / 2 . r e g i o n l a y e r underneath t h e i n t e r f a c e i s d e c r e a s i n g w i t h i n c r e a s i n g j e t Reynolds number and appears t o approach a v a l u e o f o n e -h a l f o f t h e j e t d i a m e t e r as j e t Reynclds number i s f u r t h e r i n c r e a s e d . R e 1 / 2 and t h e average i n t e r f a c e r a d i a l v e l o c i t y
The t h i c k n e s s o f t h e impingement j ( 2 ) I f t h e j e t n o z z l e t o t a n k d i a m e t e r r a t i o i s small enough, most o f t h e vapor condensation w i l l o c c u r a t t h e c e n t r a l p a r t o f t h e i n t e r f a c e and t h e e f f e c t o f t h e d i f f e r e n c e o f i n t e r f a c e c o n f i g u r a t i o n between low-g on t h e i n t e r f a c e condensation w i l l be i n s i g n i f i c a n t .
and normal-g ( 3 ) The condensation N u s s e l t number and then t h e condensation mass f l u x a r e l i n e a r l y i n c r e a s i n g w i t h j e t Reynolds number. number i s independent o f j e t Reynolds number and i s p r o p o r t i o n a l t o w i t h n a p p r o x i m a t e l y equal t o 0.97 f o r P r a n d t l numbers r a n g i n g from 0.85 t o 2.65.
The v a l u e o f t h e exponent n i s s l i g h t l y d e c r e a s i n g w i t h i n c r e a s i n g P r a n d t l number. The t h e r m a l -l a y e r t h i c k n e s s underneath t h e i n t e r f a c e i s t h i nn e r f o r h i g h e r values o f j e t Reynolds number and P r a n d t l number.
The condensation S t a n t o n Prl-n ( 4 ) For l a m i n a r o p e r a t i n g c o n d i t i o n s w i t h a j e t Reynolds number up t o 600, t h e i n j e c t e d l i q u i d reaches e s s e n t i a l l y i n t e r f a c e s a t u r a t i o n t e m p e r a t u r e b e f o r e e x i t i n g ( a t l e a s t f o r a tankage system w i t h x s / D = 1 and d/D = 1 / 2 0 ) , and t h e i n t e r f a c e condensation r a t e i s j e t volume flow l i m i t e d . Syed, S . A . , C h i a p p e t t a , L.M., and Gosman, A . D . , "Error R e d u c t i o n Program," PWA-5928-25, P r a t t and Whitney A i r c r a f t Co., East H a r t f o r d CT, 1985, NASA CR-174776. c a l
